To date, biotechnological improvement of plant species has largely been limited to the introduction of single novel traits into the genomes of target plants. However, many agronomic traits may depend on complex interactions between several proteins, and biotechnological improvement of a particular species may thus require the delivery and expression of whole, complex metabolic pathways (Halpin et al., 2001; Daniell and Dhingra, 2002; Lyznik and Dress, 2008; Naqvi et al., 2010). In addition, transgenic modification of commercially important plant species also calls for the development of novel tools for the removal, addition and replacement of existing transgenes in plant cells (Hanin and Paszkowski, 2003; Porteus, 2009; Moon et al., 2010; Weinthal et al., 2010). Thus, two of the major challenges that are still to be addressed in plant biotechnology are the development of a technology to combine several transgenic traits in a single plant by stacking a number of genes in the same chromosomal locus into a single multigene array and the successive manipulation of this array by genome editing (Dafny-Yelin and Tzfira, 2007; Lyznik and Dress, 2008; Taverniers et al., 2008; Naqvi et al., 2010). The main strategies for the introduction of multiple genes into plant cells include re-transformation, cotransformation, sexual crossing and transformation of multigene constructs (Reviewed by Dafny-Yelin and Tzfira, 2007; Naqvi et al., 2010). While proven useful for the production of transgenic plants with novel traits, re-transformation, co-transformation and sexual crossing approaches all suffer from several flaws (Dafny-Yelin and Tzfira, 2007; Naqvi et al., 2010). Retransformation and sexual crossing, for example, are time consuming and rely on the use of different selectable marker genes for each transformation/crossing cycle. In co-transformation, it is virtually impossible to predict the number of insertions and the distribution of the inserted genes across the plant genome. In addition, co-transformation may result in complex integration patterns which may hinder the use of such plants for commercial purposes for which single and well-characterized integration events are required. While sexual crosses may be simplified by www.plantphysiol.org on July 15, 2017 -Published by Downloaded from Copyright © 2011 American Society of Plant Biologists. All rights reserved. 4 using marker free transgenic plants, the delivery of multiple genes as a single, well-defined, multigene array would perhaps be the simplest and most reliable method for the production of multigene transgenic plants. Furthermore, multigene arrays may also offer the advantage of simplifying successive manipulations of multigene assays in transgenic plants by genome editing technologies (Porteus, 2009; Weinthal et al., 2010). Yet, while multigene constructs have been successfully used in several studies (e.g. Bohmert et al., 2000; Bohmert et al., 2002; Wu et al., 2005; Zhong et al., 2007; Fujisawa et al., 2009), the assembly of multigene constructs remains challenging, being nearly impossible to achieve by traditional cloning methods (DafnyYelin and Tzfira, 2007; Naqvi et al., 2010).
5 of multigene vectors. The system was used to construct several multi-transgene binary vectors and led to the production of transgenic plants with eight transgenes (Chen et al., 2010) . A number of other recombination-based cloning strategies has also been developed for the construction of multigene plant transformation vectors (Cheo et al., 2004; Sasaki et al., 2004; Karimi et al., 2005; Chen et al., 2006; Wakasa et al., 2006; Chen et al., 2010) . However, here too, the irreversible nature of the recombination-based reactions does not enable the modification of existing binary vectors, and users of such systems may be required to Other examples include the engineering of soybean, potato, rice, Arabidopsis and several other plant species by using four-to five-transgene-long transformation vectors (reviewed in Naqvi et al., 2010; Peremarti et al., 2010) . While proven successful for the metabolic engineering of various plant species, such vectors were mostly custom designed to their specific tasks, and their modification for other metabolic pathways and multigene traits may prove to be difficult or even impossible to achieve.
A versatile and modular system for the assembly of multigene binary vectors has been developed by Goderis et al. (2002) who exploited a set of homing endonucleases to construct a vector system facilitating the successive cloning of independent plant expression cassettes. The principles of the assembly system and successor pSAT vector system was previously reported 6 by Tzfira et al. (2005) . An important advantage of this method, over the above described approaches, is its modularity.Plant expression cassettes can easily be removed or replaced from existing binary vectors. Nevertheless, the capacity of the vector system and its successors is limited by the very small number of commercially available homing endonucleases.
We have recently shown that zinc finger nucleases (ZFNs), engineered restriction enzymes that can be designed to bind and cleave long stretches of DNA sequences (Mani et al., 2005) , can be used for molecular cloning, and we have used such enzymes for the construction of dual gene binary vectors (Zeevi et al., 2008) . In the present paper, we describe a modular binary vector assembly system that represents a fundamental improvement over the original design of Goderis et al. (2002) in that it supports the construction of multigene transformation vectors not only by homing endonucleases but also by designed ZFNs. We describe the design of our system and demonstrate its use by cloning nine different DNA fragments onto a modified binary transformation vector. We also show that such vectors can be used for the production of multigene transgenic plants and for transient expression of multigenes in plant protoplasts. The advantage of using ZFNs for the construction of multigene transformation systems is discussed.
Results

Design of the binary vector and novel pSATs
We followed the basic design of the pAUX (Goderis et al., 2002) and its successor pSAT (Chung et al., 2005; Tzfira et al., 2005; Dafny-Yelin et al., 2007; Dafny-Yelin and Tzfira, 2007) family of plasmids to facilitate the assembly of multigenes into a single binary plasmid. In the pSAT system, functional plant expression cassettes are individually cloned into different pSAT plasmids (e.g., geneB in pSAT2, Figure 1A) , and an expression cassette from each type of pSAT plasmid can be cloned onto pPZP-RCS1-or pPZP-RCS2-based (Goderis et al., 2002) Agrobacterium binary plasmids by using matching homing endonucleases ( Figure 1A) . As was 7 the case for the original set of pAUX plasmids, the original set of pSAT plasmids was composed of seven different versions, in which the expression cassettes were flanked by AscI (pSAT1),
AscI and I-PpoI (pSAT2), I-PpoI (pSAT3), I-SceI (pSAT4), I-CeuI (pSAT5), PI-PspI (pSAT6) and PI-TliI (pSAT7). Here we subsequently expanded this set to include pSAT10, pSAT11 and pSAT12, in which the expression cassettes were flanked by ZFN10, ZFN11 and ZFN12 (3x3 finger ZFNs), respectively (e.g., geneA in pSAT12, Figure 1A ). We also constructed pRCS11.1, which is a modification of of pPZP-RCS1 that was engineered to include, in addition to the original recognition sites of AscI, I-PpoI, I-SceI, I-CeuI, PI-PspI and PI-TliI, recognition sites to the ZFN10, ZFN11 and ZFN12 zinc finger nucleases ( Figure 1A ). This system was subsequently used for the construction of several multigene binary plasmids, as described below.
Construction of multigene vectors by exploiting ZFNs
We constructed a set of pSAT plasmids carrying a wide variety of genes. Table 1 lists the different pSAT plasmids constructed, the genes they carry, and the enzymes used for their cloning into pRCS11.1. We started by cloning the constitutive expression cassette of the encoplasmic-reticulum (ER)-bound chalcone synthase (CHS) gene (Pelletier and Shirley, 1996) , tagged with EYFP from pSAT10.EYFP-CHS by using ZFN10 to produce pRCS11[10.EYFP-CHS]. Next we added the constitutive expression cassette of the P protein of Sonchus Yellow Net Rhabdovirus (SYNV) (Goodin et al., 2001; Goodin et al., 2002) tagged with DsRed2 from pSAT11.DsRed2-P by using ZFN11, to produce pRCS11.1[10.EYFP-CHS][11.DsRed2-P].
The key to the versatility of the original pSAT/pRCS2 multigene assembly system lies in the ability it offers not only to add but also to remove and replace DNA fragments by homing endonucleases during the construction of the various binary plasmids (Tzfira et al., 2005) .
Thereafter, we demonstrated that ZFNs too can also be used to remove and replace DNA As expected, the YFP-tagged CHS associated with the rough ER throughout the cell, around the protoplasts and around the nucleus ( Figure 2A ); DsRed2-P was observed in the cytoplasm clustered around the chloroplasts; and ChrD-RFP, which has been previously characterized as a chloroplast associated protein (Ben Zvi et al., 2008) , indeed localized in the chloroplasts ( Figure 2B ). that of the seven-transgene-long binary vector ( Figure 3A) ; these findings indicate that our transgenic lines carried all the T-DNA molecule-encoded transgenes within their genome.
We then allowed several randomly selected transgenic lines to mature and set seed. Figure 4 are examples of hygromycin-and Basta-resistant seedlings. Collectively, our data indicate that the T-DNA-encoded seven transgenes were stability expressed and inherited.
Shown in
Production of nine-transgene-long transgenic plants
We constructed a nine-transgene-long binary vector by adding the GUS and PAP1 (Arabidopsis promoter (Takahashi and Komeda, 1989) , while PAP1 expression is controlled by CaMV dual 35S promoter. We used this vector to produce over 30 hygromycin-resistant transgenic Arabidopsis plants, of which about half exhibited PAP1-related reddish hypocotyls and cotyledons during germination. We further characterized these lines and determined whether they are likely to harbor the full T-DNA molecule by monitoring DsRed2-P expression, which was located next to the left border. Twelve T 0 plants of the PAP1 transgenic plants also expressed DsRed2-P, which indicated that they are likely to harbor at least one full T-DNA copy.
Molecular analysis of several lines revealed that PCR amplification of several regions on their T-DNA regions was similar to that of the nine-transgene-long binary vector, as demonstrated, for example, in Figure 3B . These observations indicate that the plants carried the entire T-DNA molecule-encoded genes.
We allowed seven of the transgenic lines to mature and set seed and determined the inheritance and stability of the T-DNA in the next generations. T 0 plants of lines L6, L7 and L10 exhibit a plausible single insert segregation pattern when grown on a hygromycin-containing medium ( Table 2) . T 1 seedlings of lines L2, L6, L7 and L10, T 2 seedlings that derived from homozygous (i.e., L6-1) and heterozygous (i.e. L6-2 and L10-2) parents, exhibited resistance to Basta, as did T 2 seedlings derived from lines L2 and L3 ( Table 2 and Figure 5A ). Confocal microscopy analysis revealed that all T 0 lines and their progeny ( Table 2) 
Discussion
We demonstrated that by using engineered ZFNs we can overcome the limitation imposed by the small number of commercial homing endonucleases to the construction of multigene binary vectors. We used several ZFN-and homing-endonuclease-constructed binary vectors for transient and stable genetic transformation of plant cells. We then showed that transgenic plants that had been stably transformed by nine-transgene-long T-DNA stably expressed the cloned genes across several generations. To the best of our knowledge, our report is one of just a small number of studies in which a very large number of independently expressed genes were delivered using a single T-DNA molecule into plant cells and moreover it is the only report in which a multigene vector has been assembled by a modular, step-by-step construction method (reviewed in Naqvi et al., 2010). Thus, our approach represents an important technical leap in the construction of multigene plant transformation vectors.
There are three main advantages of our system over other multigene construction systems, be expressed and purified to the level of molecular-biology reagents by using relatively simple expression and purification steps (Zeevi et al., 2010; Tovkach et al., 2011) . While specific modifications may be required to adapt our expression and purification system for novel ZFNs, the simplicity of the process and the availability of dedicated ZFN assembly and expression vectors for bacterial expression and for plant genome editing (Tovkach et al., 2010; Zeevi et al., 2010 ) may further facilitate the use of our system for assembly of multigene vector systems.
Third, our system supports the use of a very large family of pSAT-and pAUX-based We observed a variety of phenotypes among our different transgenic lines, as was evident, for example, by differences in hygromycin resistance ( Figure 3A ) and GUS expression ( Figure   5G ). We also observed that transgenic lines in which all the transgenes were expressed across several generations could be obtained (Table 2 ). Yet, we could not identify a clear correlation between the phenotypes of different transgenes on a given T-DNA or between different lines.
Thus, for example, lines that exhibited strong resistance to hygromycin did not necessarily exhibit high levels of PAP1 or GUS expression, while plants that exhibited high levels of PAP1 expression, did not yield high intensity of their fluorescence genes. Similarly, Fujisawa et al.
(Fujisawa et al., 2009) reported that they could not associate the expression level of individual transgenes with the performances of three transgenic lines; similarly, they could not determine the efficiency of a specific promoter in a given multigene array due to differences in the gene expression levels, which did not correlate with their promoter types. Similarly, Chen et al. (2010) reported phenotypical variation not only between the same trait in different transgenic lines but also between individual traits, driven under the same promoter in a given multigene array, in a selected transgenic line. It thus seems that not only may the expression levels of individual genes vary among different lines, but also that similar promoters, driving different genes, may behave differently in a particular multigene cluster. We are currently applying our multigene vector assembly system to construct a set of multigene binary vectors in which identical expression cassettes will be cloned to different organizations. We will use our vectors to produce collections of independent transgenic plants, which will be subjected to gene expression analysis in an attempt to produce the necessary data that will assist in defining the putative rules for the organization of regulatory elements within a given construct.
Material and Methods
Construction of pSAT vectors
To construct pSAT12.MCS, we PCR-amplified the pSAT6.MCS (Tzfira et al. 
Assembly, expression and purification of ZFNs
The coding sequences of ZFN10, ZFN11 and ZFN12 were assembled from overlapping oligonucleotides and cloned into the bacterial expression vector pET28-XH to produce pET28-ZFN10, pET28-ZFN11 and pET28-ZFN12. The protocol for molecular assembly of ZFNs from overlapping oligonucleotides, and their expression and purification have been previously described in detail (Zeevi et al., 2010) . Briefly, the ZFN DNA binding coding sequences were assembled by a single PCR reaction from a mixture of ZFN backbone primers and ZFN finger specific primers. Each PCR product was then cloned into pET28-XH, where it was fused with the FokI endonuclease domain and a 6xHis-tag. For expression in E. coli cells, the ZFN expression vectors were transferred into BL21 GOLD (DE3) PlysS cells (Stratagene). The cells were cultured, harvested and lysed, and the extracted proteins were purified on Ni-NTA agarose beads (Qiagen) as previously described (Zeevi et al., 2010) . Eluted ZFNs were stored at -20 C in 50% glycerol. Alternatively, we used the Expressway in vitro protein synthesis system (Invitrogen) for in vitro expression of ZFNs.
Construction of binary vectors
For ZFN-mediated digestion of pSAT expression cassettes and binary plasmids, about 200 ng, each, of acceptor and donor plasmids were digested with 0.05-1 µl of purified enzyme in 10 mM Tris [pH8.8], 50 mM NaCl, 1 mM DTT, 100 µM ZnCl 2 , 50 µg/ml BSA and 100 µg/ml tRNA in a total reaction volume of 20-30 µl. The reaction was preincubated for 30 min at room temperature, followed by addition of MgCl 2 to a final concentration of 5 mM. The digestion reaction mixture was further incubated for 2-40 min at room temperature. For homingendonuclease-mediated digestion of pSAT expression cassettes and binary plasmids, we followed the recommended reaction conditions for each enzyme. Cleaved fragments were separated by gel electrophoresis, purified with a GFX Gel Band Purification Kit (Amersham), dephosphorylated with shrimp alkaline phosphatase (Fermentas), ligated with T4 ligase (NEB) and transferred to chemically competent DH5α E. coli cells by using standard molecular biology protocols. The order in which the different pSAT expression cassettes were assembled into pRCS11.1 is described in the Results section. Binary vectors were transformed into chemically competent EHA105 Agrobacterium cells as previously described (Tzfira et al., 1997) . pET28 ZFN-expression plasmids and the pSAT and binary plasmids described in this study are available upon request.
Protoplast transfection and production of transgenic plants
The Tape-Arabidopsis Sandwich (Wu et al., 2009) method was used for protoplast isolation and transfection by multigene binary vectors. Transfected protoplasts were cultured in W5 solution in 1% BSA-coated 6-well plates for 16-24 h at 24°C to allow expression of the transfected DNA.
Transgenic Arabidopsis plants were produced by using the standard flower-dip transformation method (Clough and Bent, 1998) . Transgenic plants were selected on a hygromycin-selection medium. For analysis of resistance to Basta, hygromycin-resistant seedlings were transferred to soil, allowed to grow, and then sprayed with commercial Basta.
Confocal microscopy
Protoplasts and plant tissues were viewed directly under a confocal laser-scanning microscope (TCS SP5; Leica). EYFP was excited with an argon laser at 514 nm, and fluorescence was monitored between 525 and 540 nm. DsRed2 and mRFP were excited with a helium-neon laser at 561 nm, and fluorescence was monitored between 570 and 630 nm. Chlorophyll fluorescence was monitored above 660 nm. The general structure of a typical pSAT vector is exemplified by pSAT6, in which the promoter is flanked by the unique AgeI and NcoI sites, the terminator is flanked by the unique XbaI and NotI sites, the gene of interest is cloned into an extended MCS, and the entire plant expression cassette is flanked by recognition sites for ZFNs (e.g., ZFN12 in pSAT12) or homing endonuclease (e.g., PI-PspI in pSAT6). The ZFN-and homing-endonuclease recognition sites are shown on the binary pRCS11.1. Using ZFNs and homing endonucleases, up to nine expression cassettes can be transferred from the pSAT vectors into the T-DNA region of the pRCS11. Multiple gene expression in protoplasts from triple-and quadruplegene long binary vectors. EYFP-CHS expression was targeted to the rough ER (shown in yellow in panels A and E), while ChrD-RFP was targeted to the chloroplasts (shown in red in panels B, F, I and K) and overlapped with the chloroplasts' autofluorescence (shown in blue in panels C, G, J and L). DsRed2-P was targeted to the cytoplasm (shown in red in panels B and I) and was redirected into the nucleus in the presence of free N protein to form sub-nuclear aggregates (shown in red in panels F and K). Panels D and H present merged signals of EYFP, DsRed2, RFP and plastid autofluorescence. Panels I and J are magnifications of panels B and C; Panels K and L are magnifications of panels F and G. All Panels are single confocal sections. 
